The kinetic studies on the reactions of O,O-diethyl Z-S-aryl phosphorothioates with X-pyridines have been carried out in dimethyl sulfoxide. The free energy correlations with X in the nucleophiles are biphasic concave upwards with a break point at X = H, while those for substituent Z variations in the leaving groups are linear. The negative sign of ρXZ implies that the reaction proceeds through a concerted mechanism for both the strongly and weakly basic pyridines. The biphasic concave upward free energy relationships with X are rationalized by a change in the nucleophilic attacking direction from frontside with the strongly basic pyridines to backside with the weakly basic pyridines.
Introduction
The authors reported that the substituent effects of the nucleophiles (X) and/or substrates (Y) and/or leaving groups (Z) upon the kinetics and mechanism of the pyridinolyses in the phosphoryl and thiophosphoryl transfer are exceptionally significant. In the present work, the nucleophilic substitution reactions of O,O-diethyl Z-S-aryl phosphorothioates (2) with X-pyridines are investigated kinetically in dimethyl sulfoxide (DMSO) at 85.0 ± 0.1 ºC (Scheme 1) to obtain further systematic information on the phosphoryl transfer reactions and substituent effects of the nucleophiles and leaving groups on the reaction mechanism, as well as to compare the relevant pyridinolyses of O,O-dimethyl [1: (CH 3 O) 2 P(=O)SC 6 H 4 Z] 1a and O,O-diphenyl [3: (C 6 H 5 O) 2 -P(=O)SC 6 H 4 Z] 1b Z-S-aryl phosphorothioates in DMSO and MeCN, respectively.
Results and Discussion
Tables 1-3 list the second-order rate constants (k 2 /M -1 s -1
), Hammett (ρ X ) and Brönsted (β X ) coefficients with X, and Hammett coefficients (ρ Z ) with Z, respectively. The substituent X and Z effects on the rates are in accord with those for a typical nucleophilic substitution reaction with partial positive charge development at the nucleophilic N atom and with partial negative charge development at the leaving group S atom in the transition state (TS). The Brönsted (Fig. 1) and Hammett (Fig. S1 ) plots for substituent X variations in the nucleophiles, however, exhibit biphasic concave upwards with a break point at X = H, while the Hammett plots ( Fig. S2 ) for substituent Z variations in the leaving groups are linear. The magnitudes of the ρ X and β X values with the strongly basic pyridines are 2-3 times greater than those with the weakly basic pyridines. The ρ X values consistently decrease (or more negative value; ∂ρ X < 0) as the substituent Z becomes more electro-withdrawing (∂σ Z > 0), resulting in ∂ρ X /∂σ Z = (-)/(+) < 0 for both the strongly and weakly basic pyridines. The ρ Z values invariably decrease (or less positive value; ∂ρ Z < 0) as the pyridine becomes less basic (∂σ X > 0), resulting in ∂ρ Z /∂σ X = (-)/(+) < 0 for both the strongly and weakly basic pyridines (vide infra). Figure 2 shows the two ρ XZ values with the strongly (a) and weakly (b) basic pyridines, respectively, because the Hammett plots with X are biphasic. The cross-interaction constants (CICs; ρ XZ ) are obtained according to the definition as follows:
The sign of the ρ XZ value is negative for both the strongly (ρ XZ = −0.43) and weakly (ρ XZ = −0.48) basic pyridines (vide supra). A concerted mechanism is proposed for both the strongly and weakly basic pyridines in spite of the biphasic concave upward free energy correlations for substituent X variations because the ρ XZ has a negative value in a concerted S N 2 (or a stepwise mechanism with a rate-limiting bond formation) while a positive value in a stepwise mechanism with a rate-limiting leaving group expulsion from the intermediate.
2
Bipasic concave upward free energy correlations with X can be substantiated by a change in the nucleophilic attacking direction towards the Z-thiophenoxide leaving group. A weakly basic group has a greater apicophilicity so that apical approach is favored for such nucleophiles.
3 The apical nucleophilic attack should lead to a looser P−N bond in the TBP-5C structure because the apical bonds are longer than the equatorial bonds. Thus, greater magnitudes of the β X (= 0.31-0.36) values with the strongly basic pyridines involving equatorial nucleophilic attack (e.g., frontside attack TSf in Scheme 2) are obtained compared to those (β X = 0.09-0.14) with the weakly basic pyridines involving apical nucleophilic attack (e.g., backside attack TSb in Scheme 2). At a glance, the magnitudes of the ρ XZ (= -0.43 and -0.48 with the strongly and weakly basic pyridines, respectively) values are not in line with the β X (= 0.31-0.36 and 0.09-0.14 with the strongly and weakly basic pyridines, respectively) values because the magnitude of the ρ XZ value is inversely proportional to the distance between X and Z through the reaction center.
2 This may be interpreted as follows: (i) the larger magnitudes of the β X values with the strongly basic pyridines compared with those with the weakly basic pyridines indicate that the degree of bond formation with the strongly basic pyridines is greater than that with the weakly basic pyridines in the TS, as mentioned earlier; (ii) thus, the comparable ρ XZ (≈ -0.45 ± 0.03) values with the strongly and weakly basic pyridines indicate that the degree of bond cleavage with the strongly basic pyridines is greater than that with the weakly basic pyridines in the TS; (iii) as a result, the tightness of the TS with the strongly basic pyridines is similar to that with the weakly basic pyridines, i.e., the degrees of both bond formation and cleavage with the strongly basic pyridines are greater than those with the weakly basic pyridines; (iv) in other words, the β X value only suggests the degree of bond formation while the ρ XZ value suggests the sum of the degrees of both bond formation and cleavage in the TS; (v) and finally, the CIC is one of the strong tools to clarify the TS structure including both the degrees of bond formation and cleavage.
In general, the nonlinear free energy correlation of a concave upward plot is diagnostic of a change in the reaction mechanism where the reaction path is changed depending on the substituents, while nonlinear free energy correlation of the concave downward plot is diagnostic of a rate-limiting step change from bond breaking with the weakly basic nucleophiles to bond formation with the strongly basic nucleophiles.
4 It is the suggestion of the authors that the biphasic concave upward free energy correlation is also diagnostic of a change in the nucleophilic attacking direction towards the leaving group from frontside with the strongly basic nucleophiles to backside with the weakly basic nucleophiles. Table 4 summarizes the second-order rate constants in a given solvent at a given temperature, β X and ρ XZ values for the reactions of 1-3 with X-Pyridines. The pyridinolyses of 1 and 2 are conducted in DMSO at 85.0 o C because the rate is too slow to measure in MeCN even at 65.0 o C.
5 It is well known that the displacement reaction rates of tetracoordinated phosphorus are mainly dependent upon the steric effects of the two ligands.
6 Thus, the rate ratio of k 2 (1)/ k 2 (2) = 7.1 can be substantiated by greater steric congestion of diethoxy ligands compared to that of dimethoxy ligands in the TS. However, neither steric effects nor inductive effects of diphenoxy ligands cannot rationalize exceptionally fast rate of 3. The authors reported the exceptionally fast aminolysis rates of the chlorophosphates [(R 1 O)(R 2 O)P(=O)Cltype] and chlorothiophosphates [(R 1 O)(R 2 O)P(=S)Cl-type] with phenoxy ligand(s), and suggested that the substrates with phenoxy ligand(s) are fully different from those with alkoxy ligands regarding the reactivity. 5, 7 The β X values with 1 and 2 are relatively small compared to those with 3. In view of the free energy correlations and sign of ρ XZ , 1 and 2 exhibit biphasic concave upwards with X while linear with Z and show negative sign of ρ XZ , indicating a concerted mechanism for both 1 and 2.
1a On the contrary, 3 exhibits linear with X while biphasic concave downwards with Z and the sign of ρ XZ is negative with electron-donating Z substituents while positive with electron-withdrawing Z substituents, indicating that the mechanism is changed from a rate-limiting bond formation with electron-donating Z substituents to a rate-limiting leaving group expulsion from the intermediate with electron-withdrawing Z substituents. Table 5 summarizes the activation parameters, enthalpies and entropies of activation, for the reactions of 1-3 (Z = H) with C 5 H 5 N in a given solvent and Table R1 lists the secondorder rate constants and activation parameters for the reactions of 2 (Z = 4-MeO, H, 4-Cl) with C 5 H 5 N in DMSO. 8 The authors reported that the small value of activation enthalpy (∆H ≠ ≈ 10 kcal mol -1
) and large negative value of activation entropy (∆S ≠ ≈ -50 cal mol
) are typical for the aminolyses (pyridinolyses and anilinolyses) of the P=O (and P=S) systems regardless of the mechanism, concerted, stepwise with a rate-limiting bond making or stepwise with a rate-limiting bond breaking.
7 However, the enthalpy of activation with 3 is considerably small while the enthalpy of activation and entropy of activation with 1 are exceptionally large and small negative value, respectively. 
Experimental Section
Materials. The substrates were prepared as reported earlier except Z = 3-MeO.
10 The analytical and spectroscopic data Scheme 2. Backside apical attack TSb with the weakly basic pyridines and frontside equatorial attack TSf with the strongly basic pyridines. 9. The small activation enthalpy of 3 might be attributed to ground state destabilization due to the two phenoxy ligands. The magnitudes of enthalpy and entropy of activation of 1 are largest and smallest, respectively, among the phosphoryl and thiophosphoryl transfer reactions studied in this lab. 10. Adhikary, K. K.; Lee, H. W. Bull. Korean Chem. Soc. 2011, 32, 3587. 
